Magnetic surveys by a Deep-tow Three-Component Magnetometer (DTCM) were conducted in the northeastern part of the Japan Basin and the central part of the Tsushima (Ulleung) Basin. Magnetic lineations are recognized clearly in the former area, whereas they were not recognized by previous studies in the latter area. The high-quality vector magnetic anomaly data obtained by DTCM enables the precise determination of the strikes of magnetic lineations and the positions of magnetic boundaries. Magnetic anomalies measured by DTCM show the characteristics of linear magnetic anomalies in both basins. The strikes of magnetic lineations are N47
Introduction
The Japan Sea (East Sea) is one of the back-arc basins in the northwestern Pacific and comprises three main basins, the Japan, Yamato, and Tsushima (Ulleung) Basins (Fig. 1) . It is important for any understanding of the formation process of the Japan Sea to reveal the features of the crustal structures of their basins. Previous studies based on seismic methods showed that the crust of the eastern part of the Japan Basin has the features of a typical oceanic crust , whereas the crusts of the Yamato and Tsushima Basins are thicker (Hirata et al., 1989; Kim et al., 1994; Kurashimo et al., 1996; Kim et al., 1998; Lee et al., 1999; Nishizawa and Asada, 1999; Kim et al., 2003; Cho et al., 2004; Sato et al., 2006a, b) .
The existence of marine magnetic anomaly lineations indicates that the basin was formed by seafloor spreading; that is, the crustal structure is of oceanic type. Isezaki (1986a) suggested that there are magnetic lineations between chron 6A and chron 5A and that the half-spreading rate is 3.4 cm/yr in the northeastern part of the Japan Basin based on data obtained using a proton precession magnetometer (PPM) and a shipboard three-component magneCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
tometer (STCM) . The studies based on PPM observations suggested that there are magnetic lineations between chron 7A and chron 5E in the eastern part of the Japan Basin and that the strikes are N70
• E and the half-spreading rate is 3.0 cm/yr (Tamaki and Kobayashi, 1988; Tamaki, Pisciotto, Allan et al., 1990) . Based on STCM data, Seama and Isezaki (1990) suggested that the strikes of magnetic lineations in the north region of the eastern part of the Japan Basin are N40
• E and those in the south region are N60
• E. Thus, the studies based on magnetic methods support the conclusion that the crust of the eastern part of the Japan Basin was formed by seafloor spreading, although the strikes of magnetic lineations determined by PPM and STCM are different.
In the Yamato and Tsushima Basins, however, magnetic lineations have not been found because of low amplitudes and a complex distribution of magnetic anomalies (Isezaki, 1986a) . Kono (1986) suggested that the contamination by off-ridge volcanism makes the identification of magnetic lineations difficult in the Japan Sea. Tamaki et al. (1992) proposed that there are no magnetic lineations in the Yamato and Tsushima Basins because they formed by continental crust thinning and extension. Isezaki and Shevaldin (1996) pointed out that there are no magnetic lineations in the Yamato Basin, only spotted magnetic anomalies associated with the Yamato Seamount Chain. Fukuma et al. (1998) suggested that sill-sediment complexes are respon- sible for the absence of magnetic lineations in the Yamato Basin, while Park (1998) suggested that the spreadingrelated magnetic anomalies in the Tsushima Basin are degraded by volcanic sills and flows or dikes intercalated into sediment overlying basement. Kim et al. (1998) argued that the source of magnetic lineation disappeared due to the effect of thick sediment cover. Thus, the characteristics and origins of magnetic anomalies are still unclear, and the formation mechanisms of the Yamato and Tsushima Basins have not yet been determined. Measurement of the three components of the geomagnetic field provides more information about the origin of magnetic anomaly than that of total intensity because the anomaly is a vector field. The observations of the vector magnetic anomaly onboard a ship have been conducted since 1980s, and methods of measurement and data analysis have been developed (e.g., Isezaki, 1986b; Seama et al., 1993; Korenaga, 1995) . For the Japan Sea, where there are complex magnetic anomalies, the magnetic survey by a three-component magnetometer should be effective. An additional challenge to analyzing magnetic anomalies in the Japan Sea is that their amplitudes are small, almost between −100 nT and 100 nT on the sea-surface (Isezaki and Shevaldin, 1996) . Hence, deep-tow observation is required to describe the magnetic anomalies in the Japan Sea more in detail and accurately.
To acquire the three components and large amplitudes of magnetic anomaly, a Deep-tow Three-Component Magnetometer (DTCM) was developed in 1994. In 1998, a magnetic survey by DTCM was conducted in the East Pacific Rise (Yamamoto et al., 2005) . DTCM can acquire highquality vector magnetic anomaly data than STCM because DTCM is not affected by the noise due to a ship body. In 2004 and 2005, magnetic surveys by DTCM were conducted in the central part of the Tsushima Basin where mag- 129E   129E   130E   130E   131E   131E   132E   132E   133E   133E   35N  35N   36N  36N   37N  37N   38N  38N   129E   129E   130E   130E   131E   131E   132E   132E   133E   133E   35N  35N   36N  36N   37N  37N   38N netic lineations are not recognized and in the northeastern part of the Japan Basin where they are clearly recognized.
The main object of this study is to reveal the characteristics of the magnetic anomalies and their sources in both basins by taking advantage of vector anomalies.
Observation
DTCM has two main parts, one is a three-axes fluxgate sensor which measures three components of the magnetic field with an accuracy of 1 nT, and the other is a Ring Laser Gyro (RLG) which can measure roll, pitch, and yaw with resolution of 0.005
• and determine latitude and longitude by the method of inertial navigation. DTCM is equipped with a pressure gauge which measures the depth of DTCM with a resolution of 0.2 m and a 10 kHz down-looking echo sounder which measures the altitude of DTCM above the seafloor. Using an acoustic transducer (12-14 kHz bandwidth) attached on a surfboard towed behind a ship, communication is possible between the DTCM and a laboratory on board. In addition, DTCM can be used as a STCM by placing the DTCM on the deck.
In August 2004 and April 2005, we conducted magnetic surveys by DTCM, STCM, and PPM in the Tsushima and Japan Basins. In the Tsushima Basin, the magnetic survey was conducted by the R/V Eardo of Korea Ocean Research and Development Institute (KORDI), and we acquired one DTCM track line and one STCM track line (Fig. 2) . The DTCM was towed at a depth of 807 ± 60 m, which is about 1200 m above seafloor, which is almost flat. In the Japan Basin, the magnetic survey was conducted during the KT05-8 research cruise by R/V Tansei-maru of Japan Agency for Marine-Earth Science and Technology (JAM-STEC). We acquired one DTCM track line and one STCM track line (Fig. 3) . The STCM survey in the Japan Basin was conducted above the DTCM track line. The DTCM was towed at a depth of 2480 ± 26 m, about 1200 m above the seafloor, which is almost flat. In both surveys, the communication system of DTCM did not operate well. In addition, transducer and RLG troubles occurred during the observations in the Tsushima and Japan Basins. We therefore were not able to conduct deeper and longer observations.
The Characteristics of Magnetic Anomaly
The three components of the magnetic field measured by the fluxgate sensor depend on the direction of the sensor. We converted observed magnetic fields to northward (X ), eastward (Y ), and vertical downward (Z ) components using the roll, pitch, and yaw angles measured by RLG, and calculated total intensity (T ) directly from the observed three components of the magnetic field. The converted three components of the magnetic fields and total intensity were reduced to magnetic anomalies by subtracting IGRF-10 (IAGA, 2005) . The calibration of STCM data for the removal of noise caused by ship's magnetization was carried out according to the method of Isezaki (1986b) .
One of the expected characteristics of the structure generated by seafloor spreading is two-dimensionality. To evaluate whether the observed anomalies are generated by 2-D magnetic structure, we adopted the method suggested by Isezaki (1986b) . This method is based on the characteristics of a magnetic field generated by 2-D magnetic structure: the amplitude of the horizontal component parallel to the strike is zero, and the horizontal component normal to the strike and the vertical component have a constant phase difference of π /2 (Blakely et al., 1973; Isezaki, 1986b; Parker and O'Brien, 1997) . We first converted X and Y components to two horizontal components (named H 1 and H 2) by minimizing root mean square (RMS) of H 2.
where A is the azimuth which minimizes RMS of H 2 and defined between N90
• W and N90
• E measured from geographical north. H 1 is defined as the component anticlockwise perpendicular to H 2. We then compared H 1 to Z with the pahse shifted by π /2.
In general, band-pass filtering is required for the analysis of STCM data because the anomalies measured by STCM contain the noises caused by a ship's body and other sources (e.g., Korenaga, 1995) . The anomalies measured by DTCM also contain noises because it is composed of a lot of electronic equipment. In this study, we utilized a band-pass filter with the continuous wavelet transform (Torrence and Compo, 1998) to extract the anomalies due to a 2-D magnetic source for both STCM and DTCM data. We first decomposed the observed anomalies into those of each scale with the Morlet wavelet and then extracted the anomalies which have the smallest RMS of H 2 (or the largest RMS of H 1) and the high correlation coefficient of H 1 and Z with the phase shifted by π /2.
The unfiltered anomalies obtained by STCM and DTCM in the Tsushima Basin show the azimuths N32
• E and N86
• E which minimize the RMSs of H 2 (Figs. 4 and 5). The RMSs of H 2 of the unfiltered STCM and DTCM data are 43.3 nT and 25.6 nT, respectively. The correlation coefficients between H 1 and phase-shifted Z of the unfiltered STCM and DTCM data are 0.18 and 0.88, respectively. We extracted the anomalies of the scales corresponding to the Fourier wavelength 18.64-37.29 km and 11.48-60.58 km from the STCM and DTCM data by the band-pass filtering. The filtered STCM and DTCM anomalies show the azimuths N77
• E and N82
• E which minimize the RMSs of H 2 (Figs. 4 and 5). The RMSs of H 2 of the filtered STCM and DTCM data are 14.3 nT and 17.3 nT, respectively. The correlation coefficients between H 1 and phase-shifted Z of the filtered STCM and DTCM data have the same value, 0.96. The PPM T has the high correlation to the filtered STCM T , but the amplitude is higher than that of the filtered DTCM T (Fig. 5) , probably because the band-pass filter removed the long wavelength components of DTCM anomalies too well.
The unfiltered anomalies obtained by STCM and DTCM in the Japan Basin show the same azimuth N47
• E which minimizes the RMSs of H 2 (Figs. 6 and 7). The RMSs of H 2 of the unfiltered STCM and DTCM data are 30.9 nT and 32.0 nT, respectively. The correlation coefficients between H 1 and phase-shifted Z of the unfiltered STCM and DTCM data are 0.27 and 0.92, respectively. We extracted the anomalies of the scales corresponding to the Fourier wavelength 18.64-26.37 km and more than 8.70 km from the STCM and DTCM data by the band-pass filtering. The filtered STCM and DTCM data show the azimuth N47
• E which minimizes the RMSs of H 2 (Figs. 6 and 7). The RMSs of H 2 of the filtered STCM and DTCM data are 8.4 nT and 25.1 nT, respectively. The correlation coefficients between H 1 and phase-shifted Z of the filtered STCM and DTCM data are 0.89 and 0.96, respectively. The PPM T has a high correlation with the filtered STCM T (Fig. 6) .
These results show that magnetic anomalies due to the 2-D magnetic source are more dominant than those due to the other sources in both basins. However, the STCM data show the two-dimensionality only in a narrow range of wavelength compared to DTCM data, indicating that STCM data contain noises or magnetic fields produced by the other magnetic sources in a broad range of wavelength compared to DTCM data. We therefore adopted the azimuths of H 2 determined from the filtered DTCM anomalies as the strikes of 2-D magnetic source in their areas. The strikes are N82
• E in the Tsushima Basin and N47
• E in the Japan Basin. 
The Characteristics of Magnetic Structure
It is possible to estimate the general features of the 2-D magnetic structures in the Tsushima and Japan Basins because the DTCM anomalies in both basins show high two-dimensionality. For a potential field inversion, we need basic prior information of the source (the position and the shape). Previous studies proposed that Layer 2A, which is composed of extrusive basalts, is generally the main contributor to linear marine magnetic anomalies but that the deeper crust could be also the contributor (e.g., Harrison, 1987) . At DSDP/ODP Hole 504B, which is drilled in the typical oceanic crust, NRM intensities of extrusive basalts and sheeted dike complex are on average 5.2 A/m, with a large standard deviation, and on average 1.6 A/m, with a small standard deviation, respectively (Pariso and Johnson, 1991) . In the Japan Basin, the results of seismic studies suggested that the depth of Layer 2A is about 5.5-6.0 km below the sea-surface and that of Layer 2B is about 6.0-7.0 km below the sea-surface (e.g., Hirata et al., 1992) . In the Tsushima Basin, studies based on seismic reflection and refraction profiles suggested that the crust is oceanic, but Layer 2A does not exist and there are many volcanic sills and flows in the deeper part of sedimentary layer in the central part of the Tsushima Basin (Kim et al., 1998; Lee et al., 1999) . The depth of Layer 2B is about 6.0-7.0 km below the sea-surface.
To detect the position of the 2-D magnetic source, we used the amplitude of analytic signal AS (equation 16, Nabighian, 1972) represented by the following equation.
where H and Z are the horizontal and vertical downward components of anomaly, respectively, and p is the horizontal coordinate. The advantage of this equation is that the calculation of AS requires only numerical derivative. In the case that the magnetic anomalies are generated by a 2-D sheet with homogeneous magnetization, the peaks of AS and the distance where the amplitude of AS is a half of the peak-to-bottom amplitude show the horizontal end positions and the depth of the source, respectively (Nabighian, 1972 (Nabighian, , 1974 . However, the conditions required for this method are too ideal for the representation of the real magnetic source to determine its position (particularly, its depth). We therefore determined the horizontal positions of magnetic sources from AS and its depth from the seismic results by referring to the depth estimation of AS. Before the calculation of AS, we projected the track lines in the direction normal to the strikes of 2-D magnetic structures. We next estimate the magnetization intensity of the magnetic model constructed from the above-mentioned method by least square fitting. Because the magnetic model is considered to be a 2-D structure, the estimated magnetization intensity reflects only the component in a plane normal to the 2-D structure. We assumed that the directions of mag- (Gay, 1963) of magnetization and ambient field are calculated from these directions and the estimated strikes of 2-D magnetic structures. DTCM total intensity T calculated directly from the observed three-component fields is adopted for the least square fitting. We assumed that H 1 and Z also contain the magnetic fields due to the sources different from 2-D magnetic structures as well as H 2 and considered the projection of their components (RMS of H 2) to the direction of ambient field as the standard deviation of T . The calculation of magnetic model was done according to Blakely (1995) . In the Tsushima Basin, AS has two large peaks and one small peak (Fig. 8(a) ). The distance where the amplitude of the peak L2 decreases by a half is about 3.9 km. This result shows that the depth of the magnetic source is about 4.7 km below the sea-surface (taking the depth of DTCM (0.8 km) into account), which is similar to the depth where P-wave velocity increases sharply (about 5.0 km below the sea-surface; Kim et al., 1998; Lee et al., 1999) . Therefore, we assumed that the depth of the magnetic source is 5.0-6.0 km below the sea-surface. We first constructed a mag- Model (1) Model (2) : (1) Fig. 8(b) ) matches the observed anomaly better than the previous model, and the RMS misfit is 35.6 nT. The estimated magnetization intensity is 5.5 ± 0.1 A/m. Whenever D m is varied, the result is almost the same. We then constructed one trapezoid model representing two large peaks and one small peak (L1, L2 and S; Fig. 8(a) ). The horizontal distance between peak L1 and peak S is 7 km. The direction of magnetization is that of GAD at the site. The calculated anomaly (light line; Fig. 8(b) ) matches well with the observed anomaly, and the RMS misfit improves significantly, that is 23.2 nT. The estimated magnetization intensity is 5.0 ± 0.1 A/m. AS has four large peaks and one small peak in the Japan Basin (Fig. 9(a) ). The distance where the amplitudes of the four large peaks (L1 to L4) decrease by a half is 3.7 ± 0.5 km. This result shows that the depth of the magnetic sources is 6.2 ± 0.5 km below the sea-surface (taking the depth of DTCM (2.5 km) into account), which is almost identical with that of Layer 2A (5.5-6.0 km) and Layer 2B (6.0-7.0 km) determined by Hirata et al. (1992) . We constructed a magnetic model with three rectangular blocks representing the four large peaks (L1 to L4). We assumed that the depth of the rectangular blocks is 5.5-6.0 km below the sea-surface. The calculated anomaly (dashed line; Fig. 9(b) ) matches with the observed anomaly except for the short wavelength anomaly near the small peak S. The RMS 
Discussion

Tsushima Basin
As mentioned in the previous section, the estimated magnetizations of the three models show normal polarity and similar intensities (5.0-5.5 A/m), but the RMS misfits among their models differ significantly. In the case that the direction of magnetization is that of GAD at the site, the trapezoid model fits the observed anomaly better than the rectangular model. The rectangular model using the alternative inclination of magnetiztion improves the RMS misfit. However, this inclination requires that the magnetic source was formed at the paleolatitude 20
• or tilted by 21
• after the formation near the present position. The geological and geophysical evidence supporting these situations has not been found. Hence, the trapezoid model may be representive of the 2-D magnetic structure in this region (Fig. 10) .
There is a gravity anomaly highly expanded to NE direction in the Tsushima Basin (e.g., Park et al., 2002) , and it is interpreted as a fossil abandoned spreading axis (Park et al., 2006) . The strike of the magnetic structure estimated in this study (N82 • E) is quite different, possibly indicating that the magnetic structure is due to the formation mechanism, which is not related to the NE spreading axis.
The studies based on the seismic methods suggested that the crust in the central part of the Tsushima Basin is of oceanic origin affected by a mantle plume (Kim et al., 1998) or that the incipient oceanic crust is thickened by uppermantle thermal perturbations evoked by rifting (Lee et al., 1999) . Layer 2A disappeared by the thick sediment cover which seals the extrusive basalts and enhances hydrothermal circulation in abundant porosity (Kim et al., 1998) . There are volcanic sills and flows in the lower part of the sedimentary layer (Lee et al., 1999) . However, the estimated magnetization intensity of 5.0 A/m is similar to that of typical extrusive basalt. Moreover, this value is appar- ently higher than the NRM (1.5 A/m) of mafic rocks intercalated in sediments determined by magnetic measurements of ODP Hole 794D cores in the Yamato Basin (Fukuma et al., 1998) . Another important characteristic of the magnetic structure is that the magnetization at the depth 5.0-6.0 km below the sea-surface exists partly. The thick sediment cover would not be responsible for this because the thickness of Layer 1 in the central part of the Tsushima Basin is almost constant. On the other hand, Hirata et al. (1989) suggested that the intrusions of a large amount of dikes at the end stage of seafloor spreading caused by the change of tectonics from tensional to compressional field altered Layer 2 to sill-sediment complexes in the south part of the Yamato Basin. The tectonic regime of the Tsushima Basin changed to back-arc closing from back-arc opening at the late Miocene (Chough and Barg, 1987; Yoon and Chough, 1995) . However, the intrusions of a large amount of dikes may also be unsuitable for explaining the partial magnetization high because the scale of the mechanism is too large. Therefore, these magnetic characteristics may at least indicate that the entire sources of magnetic lineations in the Tsushima Basin did not alter to low magnetization after the formation.
Japan Basin
The estimated magnetization intensities of the magnetic model whose depth is 5.5-6.0 km below the sea-surface are 2.9-5.1 A/m. Their true values should be greater because the component of magnetization parallel to the strike of magnetic sources is not taken into account. Considering the source thickness and depth, the estimated magnetization intensities would indicate that of typical extrusive basalt. The small difference between the source depths determined by AS and the seismic method may be not significant, taking the imperfection of two-dimensionality of the anomalies into account. Therefore, these results indicate that the observed anomalies in the Japan Basin are mainly generated by Layer 2A. The model based on four large peaks of AS, however, cannot explain the short wavelength compo- nent of the anomaly near the small peak of AS (peak S in Fig. 9(a) ). This short wavelength anomaly may be due to short polarity event whose boundary cannot be detected by AS or paleointensity variation. Figure 11 shows the filtered STCM and DTCM profiles in the Japan Basin. The anomalies measured by DTCM show a larger amplitude than those measured by STCM, and they contain short wavelength anomalies which are not present in STCM profile. This indicates that DTCM data work better than STCM data for the identification of shorter paleomagnetic events in the Japan Basin. In addition, the results of the band-pass filtering for the STCM and DTCM data show the same strike of magnetic lineations, but the positions of AS peaks determined from STCM and DTCM data, which represent those of magnetic boundaries, are different. The cause would be that STCM data is composed only of the anomalies in a narrow range of wavelength compared to DTCM data because of noises in a broad range of wavelength. This indicates that DTCM data work better than STCM data for the determination of magnetic boundaries. A more adequate filter must be designed to conduct a detailed analysis with STCM data.
The estimated strike of magnetic lineations in this study (N47
• E) is similar to results obtained by the previous STCM observation (Seama and Isezaki, 1990) . Comparing the observed anomalies measured by DTCM with the anomaly profiles in the South Atlantic, which are the basis of the Cenozoic geomagnetic polarity time scale Kent, 1992, 1995) , the waveform of the de-skewed [km]
[km]
[km] C5Cn(16. Cande and Kent (1995) . The half-spreading rate is 2.0 cm/yr. The solid line is the synthetic profile whose depth is 2.5 km below the sea-surface. The dashed line is the synthetic profile on the sea-surface. (b) De-skewed total intensity of the observed anomaly measured by DTCM. (Schouten and Cande, 1976) observed anomalies is similar to those of chrons C5Cr (reverse polarity; 16.726-17.277 Ma), C5Dn (normal polarity; 17.277-17.615 Ma), and C5Dr (reverse polarity; 17.615-18.281 Ma). In this case, the short wavelength anomaly near peak S may indicate a short normal polarity subchron C5Dr.1n which was identified by a paleomagnetic study (Channell et al., 2003) . Based on this identification, the average half-spreading rate in this interval is about 2.0 cm/yr, which is slower than that determined by Isezaki (1986a) . We next made the synthetic de-skewed profiles at the sea-surface and at the depth of 2.5 km below the sea-surface, which are almost the same as the observation profiles, by assuming that the depth of the magnetic layer is 5.5-6.0 km below the sea-surface, the magnetization intensity is 5.0 A/m, and the half-spreading rate is 2.0 cm/yr (Fig. 12) . The synthetic de-skewed profile of the sea-surface does not show any difference among the waveforms of the anomalies and the positions of magnetic boundaries compared to that of the depth 2.5 km below the sea-surface. Moreover, the variations of magnetization intensity, depth, and thickness of magnetic structures would make the precise identification of ages, magnetic boundaries, and strikes of magnetic lineation by sea-surface observation more difficult. However, the ages of the magnetic lineations and the half-spreading rate obtained in this study may be also uncertain because the profile is unfortunately too short. Deep-tow observations in more wide area are required to reveal the tectonic history of the Japan Basin.
Conclusion
We have shown that the vector geomagnetic field data acquired by DTCM is more effective than a single component field (e.g., total intensity) and three-component field measured by STCM to examine the characteristics of magnetic anomaly and crustal magnetic structure. Magnetic anomalies measured by DTCM in the northeastern part of the Japan Basin and the central part of the Tsushima Basin both show the characteristics of linear magnetic anomalies. The strikes of the magnetic structures are N47
• E in the former area and N82
• E in the latter area. We have also shown that the use of analytic signal calculated from vector anomalies enables precise determination of the position and the shape of magnetic sources. The observed anomalies in the Japan Basin are mainly generated by Layer 2A, and their ages may be chrons , and subchron C5Dr.1n. The estimated half-spreading rate is 2.0 cm/yr. The observed anomalies in the Tsushima Basin show that there is a partial high magnetization. This may indicate that the entire sources of magnetic lineations in the Tsushima Basin did not alter to a low magnetization by the effect of thick sediment cover and the intrusions of a large amount of dikes after the formation.
